Cell-free cell wall, membrane, and cytoplasmic fractions were prepared from Bacillus sphaericus 1593, which exhibited toxic activity against larvae of the mosquito Culex pipiens var. quinquefasciatus. Breakage of 12-to 14-h cells by sonication or French pressure cell yielded toxic material which could be assayed in a standard mosquito larva bioassay. When sporulating cells of strain 1593 were fractionated, the majority of the toxic activity was localized in the cell wall rather than in the plasma membrane or cytoplasm. The toxin located in the bacterial cell wall was relatively stable, in that activity was unaffected by treatment with trypsin, pronase, CHCl3-CH3OH-water, Triton X-100, 8 M urea (30 min), heat (80°C, 12 min), sonication, refrigeration, lyophilization, or freezing. Activity was destroyed by boiling for 10 min or by 0.01 N NaOH. Only about 1.0% of the activity present in purified cell walls could be recovered by a 2-h extraction with 8 M urea or 3 M guanidine hydrochloride. A comparison of the toxicity of a cellfree cell wall fraction with that of a sample consisting entirely of heat-stable spores indicated that the spore preparation was about 10 times more active.
Cell-free cell wall, membrane, and cytoplasmic fractions were prepared from Bacillus sphaericus 1593, which exhibited toxic activity against larvae of the mosquito Culex pipiens var. quinquefasciatus. Breakage of 12-to 14-h cells by sonication or French pressure cell yielded toxic material which could be assayed in a standard mosquito larva bioassay. When sporulating cells of strain 1593 were fractionated, the majority of the toxic activity was localized in the cell wall rather than in the plasma membrane or cytoplasm. The toxin located in the bacterial cell wall was relatively stable, in that activity was unaffected by treatment with trypsin, pronase, CHCl3-CH3OH-water, Triton X-100, 8 M urea (30 min), heat (80°C, 12 min), sonication, refrigeration, lyophilization, or freezing. Activity was destroyed by boiling for 10 min or by 0.01 N NaOH. Only about 1.0% of the activity present in purified cell walls could be recovered by a 2-h extraction with 8 M urea or 3 M guanidine hydrochloride. A comparison of the toxicity of a cellfree cell wall fraction with that of a sample consisting entirely of heat-stable spores indicated that the spore preparation was about 10 times more active.
The isolation of strains of Bacillus sphaericus that possessed mosquito larvicidal activity (8, 18) has prompted research into the potential of these isolates as biological control agents. Laboratory bioassays against several mosquito species and limited field trials (15, 16) suggest that some B. sphaericus isolates may be useful as larval control agents. We have recently verified the proposals of Singer (19) and Davidson et al. (2) that the pathogenicity of B. sphaericus SSII-1 for mosquito larvae is toxin mediated and is not an invasive phenomenon (12) . The lethal factor was shown to be present in or on the bacterial cells, and filter-sterilized culture supernatants possessed no toxicity. Thin sections of B. sphaericus SSII-1 (12) and of strain 1593 (14) did not reveal the presence of a parasporal body or crystal in cells which had sporulated. In addition, the cross-sectional appearance of the cell wall of toxic strain 1593 and of nontoxic strain ATCC 14577 was the same. However, negative stains of cell wall preparations revealed that the outer wall layer of most nontoxic strains consisted of units with tetragonal symmetry (T layer) that were not visible in negative stains of toxic cells (13) . Our first attempts to locate the site of the toxin in B. sphaericus SSII-1 were hindered by the instability of the toxin of this strain; toxic activity was destroyed by heat and was decreased by refrigeration, freezing, and two methods of cell breakage (12) . Recently, we reported that the toxin of B. sphaericus 1593 differed from that of strain SSII-I in several important characteristics (14) . In strain 1593, the toxic activity of the culture increased as the cells entered sporulation, the resultant toxic product was relatively stable, and the level of toxicity was much greater than that achieved with strain SSII-1 cells. Because of the increased stability of the entomotoxin of strain 1593, we were able to prepare cell-free fractions which retained toxic activity, and we examined the structural components of the cell to determine the location of the toxic substance. Cells of the nontoxic strain ATCC 14577 (the type strain of B. sphaericus) were also fractionated and assayed. This strain exhibits a growth rate and sporulation frequency similar to those of strain 1593, but lacks toxicity at all stages of growth for mosquito larvae. Therefore, it was employed as a negative control for all bioassays.
MATERIALS AND METHODS Growth conditions. B, sphaericus 1593 (ii) Isolation of purified cell walls. Walls were recovered and purified from broken-cell suspensions by a modification of the method of Work (24) as shown in Fig. 1 (iii) Extraction of cell walls. Before bioassay, the cell-free cell wall band collected from 60% sucrose was sequentially treated with chloroform-methanol-water (1:2:0.8, vol/vol), Triton X-100 (2%), and 8 M urea (in 0.01 M Na2HPO4, pH 7.0) for 30 min at 22°C. The two lipid solvents were used to remove any contaminating membrane, and the 8 M urea was used to remove the outer layer that we have shown (13) to be present on B. sphaericus cell walls. Cell walls were washed six times with sterile, dechlorinated tap water before bioassay. The urea-solubilized protein from the ceU walLs was dialyzed against 100 times its volume of distilled water (changed twice) at 4°C overnight to remove urea before bioassay.
(iv) Isolaton of membrane and cytoplaumic fractions. Cell membranes were recovered from broken-cell supernatants by high-speed centrifugation (113,000 x g, 90 min) and purified by step gradient centrifugation as shown in Fig. 1 collected from 40% sucrose, washed twice to remove sucrose, and harvested by centrifugation (113,000 x g, 90 min).
Enzymatic treatment of cell walls. Ten milliiters of a cell wall suspension was sedimented by centrifugation (25,860 x g, 20 min), and the walls were suspended in an equal volume of filter-sterilized (10 mg/ml) trypsin or protease type VI (Sigma Chemical Co.) or dechlorinated tap water for 6 h at 22°C. The trypsin and protease had been reconstituted in dechlorinated tap water (pH 7.2). After incubation, the walls were sedimented by centrifugation as described above and then washed twice with sterile, dechlorinated tap water to remove additional enzyme before bioassay. Cell walls of the nontoxic strain, ATCC 14577, which had been purified by the procedure described above, were also enzymatically treated and bioassayed.
Solubilization of toxin from cell walls. Attempts to solubilize toxin from cell walls were made with protein solvents including 8 M urea (in 0.01 M Na2HPO4, pH 7.0), 3 M guanidine hydrochloride (pH 7.0), and 8 M urea plus 1% 6-mercaptoethanol (pH 8.5). Ten milliliters of a cell wall suspension was sedimented by centrifugation (25,860 x g, 20 min), and the walls were suspended in an equal volume ofthe solvent or sterile water. After a 2-h incubation at 22°C, the cell walls were sedimented by centrifugation as described above and then washed twice with sterile water to remove additional solvent before bioassay. Bioassay. Bioassays were conducted as previously described (14) with second-instar larvae of the mosquito Culex pipiens quinquefasciatus. Toxic activity is expressed as LC50 values, i.e., the concentration of a cell fraction required to cause 50% mortality of the test larvae in 4 days.
RESULTS
The fractionation scheme shown in Fig. 1 of cell wall material per ml was sufficient in one experiment to kill 50% of the test larvae. The purity of cell wall fractions was assessed by examination of negative strains of cell wall preparations in the electron microscope (Fig. 2) . No extraneous material such as unbroken cells, fragments of membrane, spores, or flagella could be seen. Chemical analysis indicated that protein represented 25% of the dry weight of the ureaextracted cell wall and that carbohydrate other than amino sugars accounted for 7% of the dry weight. Paper chromatography of cell wall hydrolysates revealed that the cell wall peptidoglycan of B. sphaericus 1593 was similar to that reported (6) for nontoxic B. sphaericus 9602, in that it contained lysine and was apparently devoid of diaminopimelic acid. Amino acid analysis of the urea-extracted cell wall fraction revealed the presence of 13 amino acids in addition to the 4 reported to be present (6) in the tetrapeptide of strain 9602 vegetative cell wall peptidoglycan. The sulfur-containing amino acids were not detected, but this may have resulted from their destruction by acid hydrolysis of the sample. Analysis of tryptophan residues was not performed. These data indicated that the cell walls of strain 1593 did contain some urea-resistant protein which could possibly account for the observed toxic activity for mosquito larvae. Although toxic activity was found in the membrane, cytoplasm, and the urea-soluble protein fractions from cell walls, it is important to note that these fractions were only 1/10,000 as active as the cell wall preparations (Table 1) . No activity was detected in any fraction isolated from the nontoxic strain of B. sphaericus, ATCC 14577. This indicates that none of the reagents used in the purification scheme can account for the toxicity observed with the cell fractions of strain 1593. Analysis of toxic cell membranes for 14 The cell wall toxin was shown to be resistant to digestion by proteolytic enzymes (data not shown). After incubation in 10 mg of protease or trypsin per ml for 6 h, the cell wall preparations of strain 1593 had essentially the same level of activity as the untreated control. Similar results were obtained when the enzymes were reconstituted in 0.01 M potassium phosphate buffer (pH 7.4) rather than in dechlorinated tap water. The toxic activity of cell walls was also unaffected by heat treatment (800C, 12 min), freezing, lyophilization, refrigeration (40C), or periodate oxidation (0.1 M, 30 min). In addition, the walls were treated with CHC13-CH30H-water (1:2:0.8, vol/ vol), 2% Triton X-100, and 8 M urea (pH 7.0) for 30 min each; toxic activity was unaltered by these solvents. Activity was destroyed by 0.01 N NaOH (30 min, 2200) or by immersing a cell wall suspension in boiling water for 10 min.
We recently reported that thin sections of a toxic and a nontoxic strain of B. sphaericus revealed similar cell wall profiles; however, negative stains demonstrated a difference in the a surface topography (13) . Whereas most nontoxic strains possessed a surface layer having units arranged with tetragonal symmetry, the surface layer of toxic strains had a smooth appearance.
This difference suggested a possible site for the location of toxin in these strains. Treatment of cell walls with 8 M urea for 30 min removed the outermost, proteinaceous wall layer (Fig. 3) but did not alter the toxicity of the preparations (data not shown). The protein present in the urea extract was of low toxicity (Table 1) . Thus, the outer wall layer (T layer) did not appear to be the site of toxin in cell walls.
Because a small portion of toxic material was solubilized by a 30-min extraction with 8 M urea (Table 1) , an attempt to release more toxin was made by extracting the cell walls for 2 h in the same solvent (Table 2) . Similar attempts to solubilize toxin from cell walls were made with 3 M guanidine hydrochloride (pH 7.0) and 8 M urea plus 1% fi-mercaptoethanol (pH 8.5). The results indicated that, although toxin could be solubilized by extraction for 2 h with these solvents, the toxic material was apparently inactivated by the treatments. Urea plus mercaptoethanol at alkaline pH was the most effective solvent tested, removing 74% of the wall protein. However, only 7.7% of the initial toxic activity remained on the cell wall sample and in the soluble sample after treatment. unaffected by treatment with chloroform-methanol-water and Triton X-100. Although activity was maintained after exposure to proteolytic enzymes or 800C temperatures for short times, the fact that toxic activity was destroyed by boiling and greatly reduced by a 2-h exposure to solvents that denature protein represents indirect evidence that the toxin may be a protein or polypeptide. This is a reasonable hypothesis in view of the fact that the extracellular toxins produced by gram-positive bacteria are generally proteinaceous.
It remains to be determined whether the toxin located in the cell walls of sporulating cells and the toxin located in spores are related. The toxic activity of spores might result from a cell wall toxin which is deposited in the developing spore during the sporulation process. An alternative to a toxin which is present in cell walls of sporulating cells and which is deposited in spores is a toxin which is a spore structural component that binds to cell walls during sporulation. The relative stability of the cell wall toxin and the increase in activity during sporulation (14) support the suggestion that a relationship exists between the cell wall toxin and a spore structural component. The most likely spore component that could fulfill this role is spore coat protein. This component has been shown to possess toxic properties in B. thuringiensis and Clostridium perfringens. The parasporal toxin of the former organism has been shown to be immunologically and biochemically related to spore coat protein (10, 20) . Similarly, the enterotoxin of C. perfringens type A has been shown to be a structural component of the spore coat (4) . The resistance of the cell wall toxin to solubilization parallels the insolubility properties of spore coat protein. Spore coats, or some of their layers, are resistant to 8 M urea, 80% phenol, detergents, and pronase (21) .
The possibility that the toxin is a soluble cytoplasmic constituent which adheres to the walls upon cell breakage seems quite unlikely in view of the insensitivity of the wall toxin to protease or trypsin. More important, the insensitivity of the toxin to a 30-min urea extraction which removed most or all of the outermost wall layer to which a cytoplasmic constituent might have bound argues strongly against this hypothesis.
A comparative study of the mosquito-larval toxin found in spores and that present in cell walls will be the subject of future investigations. 
